A simple discussion of the final equilibrium state of extrasolar planetary evolution allows the determination of the luminosity and effective temperature of each planet which, in turn, allows the construction of a Hertzsprung -Russell diagram. The slope of the resulting line is found to be 4.5, similar to that which might be expected for isolated low-mass stars.
I N T R O D U C T I O N
It is now five years since the first planetary-mass companion was discovered in orbit around a solar-type star, 51 Pegasi, by Mayor & Queloz (1995) . Since then, some 50 planets ranging in mass (M sin i ) from 0.15 Jupiter mass (comparable to the mass of Saturn) to 11 Jupiter masses with a mean mass of 2.36 have been discovered orbiting stars of types F, G, K and M. Despite the fact that massive planets are easier to detect using high-precision Doppler surveys, the distribution of detected planets is strongly peaked towards the lowest detectable masses. Companions with masses in excess of 13 Jupiter mass will have temperatures sufficient for them to have undergone lithium burning, and are assumed to be brown dwarfs.
All the extrasolar planets found orbiting beyond 0.2 au have significant orbital eccentricities e $ 0:1, much larger than the eccentricities of the orbits of the giant planets in the Solar system . The orbital periods vary from 3 d to a few years. Most of the extrasolar planets discovered to date orbit stars that have heavy element abundances similar to or greater than the Sun (Gonzalez 2000) .
Theoretical models of the interiors and evolutionary history have been produced (Burrows et al. 1995 (Burrows et al. , 1997 Guillot et al. 1996 ) for a range of masses to provide predictions of the observable properties of the extrasolar planets. It is not clear, however, whether the extrasolar planets formed by processes similar to those that led to the planets in our Solar system. In what follows we assume that, whatever the formation process, an extrasolar planet will undergo a large degree of gravitational contraction in reaching a stable equilibrium radius. A simple model including insolation is proposed, from which we can deduce the main features of this final equilibrium state.
MODEL
A contracting planet receives radiation from its companion star in addition to energy generated in its interior. During its contraction it will go through a convective phase but, as the density increases, degeneracy pressure will play an increasing role. Eventually, the planet will asymptotically approach an equilibrium state where degeneracy pressure balances the gravitational force, internal energy generation ceases and T eff , the effective temperature of the planet, becomes equal to T E , the temperature that is generated at the surface of the planet by the radiation from the companion star. From standard definitions we have
where L p and L s are the luminosites of the planet and companion star respectively, while R p and R s are the corresponding radii. a is the radiation constant and c is the speed of light. For the final equilibrium case when T eff is equal to T E , so that the energy received by the planet from the star balances that reradiated, we have
where R ps is the planet -star distance. From these equations, by algebraic manipulation, we obtain
and
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where B n is a known constant and M p is the mass of the planet. The pressure arising from non-relativistic electron degeneracy is
where C n is a known constant, K 1 is the degeneracy constant and 1/m e is the number of free electrons per equivalent hydrogen atom mass.
In the asymptotic equilibrium state these two balance, giving
where A n ¼ B n / C n is a known constant which depends on the polytropic index n. Fortunately, both convection and degeneracy pressure can be modelled with n ¼ 1:5, hence A n has a value of 0.424, irrespective of where the boundary between convection and degeneracy is. The only unknown in these equations is m e , the number of free electrons per equivalent hydrogen atom mass. From the definition of m e (see Donnison & Williams 1974) we have that
where X and Y are the fractions by mass of hydrogen and helium, and f 1 and f 2 are the fractions of hydrogen and helium that are ionized. We assume solar values for X and Y, that is, X ¼ 0:74. In the prevalent conditions, it is also reasonable to assume that none of the helium is ionized, and that hydrogen within the degenerate core is, but not in the convective envelope. Hence, as an illustration, if two-thirds of the hydrogen is in the core, m e is very close to 2.0. The estimated ionization fraction for hydrogen in the metallic core of Jupiter is ,70 per cent, giving a value for m e of 1.93, while with ,60 per cent ionized m e becomes 2.25. One planet orbiting the star HD 209458 has a measured radius, since its transit across the companion star was observed. There has been a small range of deduced values: ð1:42^0:1ÞR JUP for an assumed orbital inclination i of 908 (Henry et al. 2000) , and ð1:55^0:10ÞR JUP with a fit of i ¼ 858 : 9^08 : 5 (Jha et al. 2000) . If we take the mean of these two values, namely 1.48 R JUP , then the required value for m e for this planet is 2.0. Although it is unlikely that all planets will have exactly the same value for m e , and we will discuss variation later, we now adopt a value of 2 for m e .
H E R T Z S P R U N G -R U S S E L L D I AG R A M F O R E X T R A S O L A R P L A N E T S
The Hertzsprung -Russell diagram is a plot of luminosity (L p ) against effective temperature (T eff ), and these were given by equations (4) and (5). In order to evaluate these quantities, however, we require input values for M p , R ps and L s . The first two quantities are readily available for all the known extrasolar planets, or at least M p sin i is (see, for example, the URL http://www.obspm. fr/planets). The luminosity of the companion star is slightly more problematic, since in general only the apparent magnitude through various broad-band filters (usually Johnson filters) is known. We derived the luminosity from the published apparent magnitude m v , the distance d measured in parsecs (from the Simbad data base) and the bolometric corrections (BC) obtained for the various spectral classes (see Popper 1980) . Where possible, the values obtained were compared with the quoted values (see the University of Geneva web site, http://obswww.unige.ch/,udry/planet/planet. html) for consistency. Table 1 shows the calculated effective temperature, luminosity and radius of all the extrasolar planets, assuming the value of m e to be 2. It is clear that most of the extrasolar planets have radii similar to that of Jupiter, with the smallest having a radius of 0.57 R JUP and the largest a radius of 2.11 R JUP . The effective temperature ranges from 122 K for Jupiter to 3224 K for Tau Bootis A, with a mean of about 1100 K. This is as we might expect for planets that orbit very close to their companion star. Fig. 1 shows a log/log plot of luminosity, as measured in solar units, against effective temperature for the 51 extrasolar planets so far confirmed. It is clear that the points representing all the extrasolar planets appear to lie on a straight line. A regression plot gives
R E S U LT S
The coefficient of determination R 2 ¼ 0:96, that is, 96 per cent of the variability in the data is accounted for by this linear model. This regression model is therefore an excellent fit to the data. This slope of 4.5 is similar to the main-sequence slope for isolated low-mass stars. The point (52) representing Jupiter is also shown.
D I S C U S S I O N A N D C O N C L U S I O N S
The above fit suggests that
while also log L p , 2 log R p 1 4:0 log T eff ; ð10Þ these combined suggest that
At first sight this is a rather surprising result. However, we have assumed that m e is a constant. In fact, for constant M p ,
, ðf 1 XÞ 5=3 :
Hence, in reality, the results show that the fraction of the planet ionized depends on T eff , a not unremarkable result.
As mentioned, Jupiter is also shown in Fig. 1 as (52), and can be seen to have a higher luminosity than predicted by the model. Again the explanation is simple. At the relatively large distance of Jupiter, T E is quite low so that any residual luminosity internally generated becomes significant, implying that T eff . T E rather than being equal as has been assumed.
By constructing a simple analytical model of pre-main-sequence evolution for small stars, we have shown that all extrasolar planets fit on a reasonable line in the Hertzsprung -Russell diagram.
